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ABSTRACT

Recent research studies have shown the very high potentials nanotechnology application has in the
refrigeration and air conditioning industry for improving the thermophysical properties of refrigerants and
lubricants hence leading to systems with higher COP and much reduced size. The successes achieved with
nanorefrigerants are connected to the improved technology for the preparation of nanofluids that has led
to achieving more homogeneous and stable mixture of the base fluid and nanoparticle. However, available
literatures point to the fact that nanoparticles can find its way into the human cells and as such is a potential
health risk for humans and animals. At present, emphasis appears to concentrate more on the technological
successes achieved with nanorefrigerants, like improved thermal conductivity, nucleate boiling and boiling
heat transfer coefficient without factoring in much the potential health implications of adopting it. This
paper therefore looked at the potential health consequences of adopting nanotechnology and called for an
early regulatory framework to guard against any unforeseen health issues. Areas of future research were also
suggested.
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INTRODUCTION

Nanotechnology can be viewed as the concept of employing particles in the atomic and molecular order to
enhance the performance of a system. These particles are called nanoparticles and have diameters in the range of
1 nm - 100 nm (Salamanca-Buentello et al, 2005). The enhancement could be achieved by "doping" the working
fluid or some of the materials of this system with the nanoparticles thereby enhancing their thermophysical
properties. The concept and ideologies behind the application of nanoparticles can be traced to the lecture
delivered by Richard Feynman in December 1959 at the American Physical Society Meeting. However, it was not
until the 1980s that the science of nanotechnology (as it is known today) fully emerged and in the early 2000, its
awareness began to grow. This growing awareness led to the lunching of initiatives by countties to increase their
capacities in nanotechnology. One of such is the National Nanotechnology Initiative (NNI), established in 2001
by the US Government which involves 20 Federal departments, independent agencies, and commissions all
working towards further evolving the application of nanotechnology (NNI, 2015). Other such national initiatives
include the Nanomaterials Science and Technology Initiative in India, South African Nanotechnology Initiative
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Table 1. Major initiatives, centers, institutes, or government organizations working towards nanotechnology
development.

Country or Initiatives, centers, institutes or government organizations Links
district
USA National Nanotech Initiative (NNI) httpz/Avww.nano.gov
Food and Drug Administration (FDA) http/Avww.fda. gov/nanotechnology
Environmental Protection Administration (EPA) http://es.epa.gov/ncer/nano
Center for Nanotechnology http/Avww.ipt.arc.nasa. gov/index.html
National Science Foundation http/Avww.nsf.gov/crssprgm/nano
Project on Emerging Nanotechnologies httpz/Avww.nanotechproject.org
European Union Community Research & Development http//cordis.europa .eu/nanotechnology
Information Service (CORDIS)
European Nanotechnology Gateway http/Avww.nanoforum.org
European Nanobusiness Association (ENA) httpz/Avww.nanoeurope.org
UK Institute of Nanotechnology (loN) httpz/Avww.nano.org.uk
The Royal Society and Royal Academy of Engineering http/Avww.royalsoc.ac.uk/page.asp?id=1212
Health and Safety Executive (HSE) http/Avww.hse.gov.uk/horizons/nanotech/index. htm
Institute of Food Science and Technology (IFST) http/Avww.ifst.org
Department for Environment, Food and http/Avww.defra. gov uk/environment/nanotech/index.htm
Rural Affairs (Defra)
France Ministry for Research and New Technology httpz/Avww.nanomicro.recherche. gouv.fr/uk_index.html
French Research Network in Micro and Nano http/Avww.rmnt.org/EN/index.html
Technologies (RMNT)
Centre National de la Recherche Scientifique http/Avww.cnrs frindex.htm|
(National Center for Scientific Research) (CNRS)
Germany German Federal Institute for Risk Assessment (BfR) http/Avww.bfr. bund.de/cd/template/index_en
Federal Ministry of Education and Research (BMBF) http/Avww.bmbf.de/en/nanotec hnologie. php
Italy National Institute for the Physics of Matter (INFM) http/Avww.infm.it/
Association italiana per la ricerca industriale (AIRD) http/Avww.airi.it/2005/index.php
Canada National Institute for Nanotechnology http://nint-innt.nrc-cnre.ge.ca’home/index_e. html
Japan Nanotechnology Researchers Network Center (Nanonet) httpz/Avww.nanonet.go.jp/english
National Food Research Institute (NFRID) http/Avww.nfri affrc. go. jp/english/ourroles/index. html
RIKEN http/Avww.rikenresearch.riken jp
Japan Society for the Promotion of Science (JSPS) http/Avww.jsps.go.jp/english/index. html
Ministry of Education, Culture, Sports, Science http/Avww.mext go.jp/english
and Technology (MEXT)
National Institute of Health Sciences (NIHS) http/Avww.nihs.go.jp/index.html
National Institute for Environmental Studies (NIES) http/Avww.nies.go. jp/index. html
National Institute of Advanced Industrial Science http/Avww.aist.go.jp/index_en_ html
and Technology (AIST)
National Institute for Materials Science (NIMS) http/Avww.nims. go. jp/eng/index. html
Ministry of Economy, Trade and Industries (METI) http/Avww.meti.go. jp/english
China Chinese Academy of Sciences http/Avww.cas.ac.cn/index/OC/ Index_htm
National Center for Nanoscience and Technology (NCNST) http/Avww.nanoctr.cn/e_index.jsp
Key Laboratory of Molecule Nanostructure and http/Avww.icas.ac.cn/5_keyanxitong/stm/english/home.htm
Nanotechnology, Chinese Academy of Sciences
Taiwan Industrial Technology Research Institute (ITRI) http/Avwawitri.org.tw/eng/research/nano/index. jsp
NanoTechnology Research Center (NTRC) http/Avww.ntrc.itri.org.tw/eng/index.jsp
nanoMark http/Avww.nanomark.itri.org.tw/Eng
National Nano Device Laboratories (NDL) http/Avww.ndl.org.tw
National Science and Technology Program for http://nano-taiwan.sinica.edu.tw/newsen.asp
Nanoscience and Nanotechnology
Korea Korean Food & Drug Administration (KFDA) http/Avww . kfda.go kr
National NanoFab Center (NNFC) http/Avww.nnfc.com/index_html

Korea Institute of Science and Technology Information (KISTI)  http/Avww kisti.re kr
Center for Nanostructured Materials and Technology (CNMT)  http//cnmt kist.re.kr

National Center for Nanomaterials Technology (NCNT) httpz/Avww.nano.orkr/english/index.asp
Australia CSIRO Manufacturing and Materials Technology (CMMT) http/Avww.cmit.csiro.au/brochuresitech/nanotech
Department of Industry, Tourism and Resources (ITR) http/Avww.industry.gov.au/nano

Nanostructural Analysis Network Organisation, Major National  httpZ/Avww.nano.org.au
Research Facility (NANO-MNRF)

and Iran Nanotechnology Initiative Council. Table 1 shows the major initiatives, centers, institutes, or government
organizations working towards nanotechnology development (Chau et al, 2007).

These initiatives have in no small way contributed to the progress so far made in the application nanotechnology
in different spheres of life. This can be seen from the high number of patents recorded in nanotechnology
applications. For instance, the number of patents in nanotechnology in the European Patent Office (EPO) has
been on the increase since 2001. It rose from 776 in 2001 to 4622 in 2013 [Statnano:
http:/ /www.statnano.com/news/45696 (accessed: May 24, 2016)]. Figure 1 shows the patent trend from 1991 —
2013 while Figure 2 shows the journal publications on nanotechnology for the same period.

Nanotechnology has a wide range of applications covering engineering, ICT, agriculture and the medical
sciences. In its application for comfort and the preservation of agricultural products and vaccines, the emphasis
appears to be in applying nanoparticles to improve the coefficient of performance (COP) or cooling power of
refrigeration and air conditioning machines. This has given rise to what today is called Nanorefrigerants and
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Figure 1. Patents recorded between 1991 and 2013 (Source: Roco, 2014).
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Figure 2. Nanotechnology publications between 1991 — 2013 (Source: Roco, 2014)

Nanolubricants formed by suspending nanoparticles in a base fluid (which in this case is a conventional refrigerant
like R-134a and conventional compressor oil).

Several studies have been reported on the successes achieved by using nanorefrigerants as the working fluid of
a refrigerating system. These successes boarder on improved system COP, reduced power consumption and better
heat transfer between the working fluid and the air that requires cooling. Some of these works are those by
Subramani and Prakash (2011), Jiang et al (2009), Yang et al (2015), Akhavan-Behabadi et al (2015), Bi et al (2011),
Yang et al (2012) and Coumaressin and Palaniradja (2014). Apart from nanorefrigerants, nanolubricants can be
used to increase thermal dissipation, reduce wear and mitigate some extreme pressure characteristics of
compressors lubricants as seen from the works of Subramani and Prakash (2011) and Subramani et al (2013).

While these works have gone a long way to establishing the very high benefits of using nanorefrigerants and
nanolubricants, little or nothing has been reported on investigation of the possible medical effects of applying
nanotechnology in the refrigeration industry. This is important in order to begin eatly to work out ways of
mitigating their possible undesirable medical and environmental effects. Therefore, in this work, we aim to use
some known information about nanoparticles to project the possible medical and environmental effects of their
use in the refrigeration industry, review current laws/regulations guiding their use and make case for the eatly
establishment of laws/regulation in the absence of any.

© 2017 by Authot/s 3
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PREPARATION OF NANOREFRIGERANTS AND THERMAL IMPROVEMENTS
ACHIEVED

Series of studies have been reported on nanorefrigerants. They are basically a mixture of the pure conventional
refrigerant and nanoparticles, with the conventional refrigerant acting as the base fluid. Two basic methods exist
for their preparation: the one-step and two-steps methods. While the one-step method involves the simultaneous
production and dispersion of nanoparticles in the base fluid, the two-steps method requires that the nanoparticles
be generated first by any of the industrial methods followed by its dispersion in the base fluid. Although different
methods of nanofluid production have been tested, however, in general, a homogeneous and stable mixture of the
base fluid and the nanoparticle is achieved by stirring using a magnetic stirrer and subsequent homogenization
using an ultrasonic homogenizer. To avoid agglomeration and hence ensure more stable mixture, surfactants are
used. This way, the nanorefrigerant will possess thermophysical properties different from that of the base fluid.
Reported works point to different levels of thermophysical properties enhancement, depending on the nanoparticle
used and the base fluid/nanoparticle ratio. Jiang et al (2009) recorded a 104% enhancement in thermal conductivity
over that of a base fluid of R113 by introducing Carbon Nanotubes (CNT) nanoparticle, Peng et al (2010)
experimented with nanorefrigerant produced from R113 and CNT and observed an increase of 61% in nucleate
boiling, Sun and Yang (2013) reported an increase of 17-25% and 3 — 20% respectively for maximum heat transfer
coefficient and average heat transfer coefficient values while testing nanorefrigerants produced from R141b and
Cu, Al, Aluminum Oxide (Al,O3) and Cupper Oxide (CuO) while Henderson et al (2010) recorded over 100%
increase in boiling heat transfer coefficient with nanorefrigerant produced from R134a and CuO. While these may
not be the only thermophysical properties of concern for a refrigerant, studies have shown that they are all
reasonably affected (either positively or negatively) by the addition of nanoparticles to the base refrigerant. A
detailed review of this has been done by Nair et al (2016).

NANOPARTICLES: SIZE AND POTENTIAL HEALTH EFFECTS

Nanoparticles are very small, with size in the range of about 1 nm to about 100 nm (one-billionth of a meter)
(Salamanca-Buentello, 2005). This means that they are not visible, since visible particles have size of 10 - 13
micrometer (i.e. one-millionth of a meter) or more (https://www.coloradoci.com/bin-pdf/5270/ParticleSize.pdf
Accesses: May 30, 2010). Settling time of particles in the atmosphere greatly depends on their sizes, with the larger
sized ones settling faster than their smaller counterparts. For instance, particles larger than 100 pm have
sedimentation velocity greater than 0.5 m/s thus they settle quickly. Those in the range 1 - 100 um have
sedimentation velocity greater than 0.2 m/s and less than 0.5 m/s while those less than 1 pm fall slowly and take
days to years to settle out of a quiet atmosphere (Air Filtration Systems. Available from:
http://www.afslasvegas.com/ParticleSizes.html Accessed: May 30, 2016). Thus, when nanoparticles get into the
atmosphere, there are higher chances that they may remain suspended until removed by some artificial means.
Suspended particles in the atmosphere have been shown to have various medical consequences. For instance, many
lung infections have been attributed to the prolonged inhalation of cement dust (Noor et al, 2000) while asthmatic
patients usually have their conditions aggravated in environments with high level of suspended particulate matters.
Nanoparticles by having sizes of 1 - 100 nm (0.001 - 1 pm) therefore could have the same or even higher health
risk factor when their concentration level increases in the atmosphere. This is because at that size, they fall within
the range of particles not easily screened out in the human respiratory system and as such find their way into the
human cell. Figure 3 (National Institute of Environmental Health Sciences Community Outreach and Education
Programme. Particles: “Size Makes All the Difference”. Available from:
http://www.niehs.nih.gov/health/assets/docs a e/ehp student edition lesson particles size makes all the
difference.pdf :accessed on May 30, 2016) shows the common particle, their sizes and how easily they are inhaled.
It can be seen from this figure that nanoparticles fall in the range of particles that get deep into the lungs. In fact,
particles less than 100 nm (0.1 pm) can be absorbed into the body and distributed to the cells (Environews, 2005).
Since these are metals foreign to the body cells, there is a high likelihood that once in the body system, they will
likely affect the proper functioning of the system.  Figure 4 [https://www.coloradoci.com/bin-
pdf/5270/ParticleSize.pdf (accesses: May 30, 2016)] shows that nanoparticles are likely to have similar penetration
effect in our body as Carbon Black.

Apart from the figures, some studies have shown that the use of nanoparticles could be quite harmful. Tsuji et
al (2006) found that carbon nanotubes apparently have greater pulmonary toxicity (inflammation, granuloma) in
mice than fine-scale carbon graphite. Kim et al (2003) pointed out that nanoparticles, when inhaled, may
accumulate in the lungs and cause chronic diseases like pneumonia, pulmonary inflation, pulmonary granuloma,
and oxidative stress. This has also been corroborated by Nel et al (2006). When deposited on the skin, nanoparticles
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Figure 3. Particle size distribution in micrometer (1 pm = 1000 nm)

could find its way into the dermis and then move through the lymph to the regional lymph nodes (Oberdérster et
al., 2005) while some, in particular, small titanium dioxide particles (about 20 nm), could penetrate through the
skin and interact with the immune system (Kreilgaard, 2002). Titanium dioxide and zinc oxide, through the effect
of light, could generate hydroxyl radicals which may bring about oxidative damage in skin (Wakefield et al, 2004).
Gibbs and Tang (2004) listed some ten (10) works pointing to the highly toxic nature of most nanoparticles while
Sweet and Strohm (2006) summarizes what is currently known regarding the potential toxicity and hazards of
nanomaterials. All these therefore point to the fact that nanotechnology could lead to very serious environmental
and health challenges.

REVIEW OF POTENTIAL HEALTH IMPLICATION OF NANOTECHNOLOGY USE IN
THE ENERGY SECTOR

Application potentials of nanotechnology appears limitless and the energy sector is therefore not an exception.
Some of the potential areas in the energy sector can be grouped into Energy sources (e.g. Photovoltaics, Wind
Energy and Nuclear), Energy change (e.g. Gas Turbine and Combustion Engines), Energy distribution (e.g. High
Voltage Transmission, Super Conductors and CNT Power Lines), Energy storage (e.g. Batteries, Phase Change
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Materials and Supercapacitors) and Energy usage (e.g. Refrigeration and Air Conditioning, Thermal Insulation and
Lighting). At present, no explicit record of health or environmental consequence of their application in this sector
has been reported. However, reports of various medical consequences of different nanoparticles used in the energy
sector exist. Some of these nanoparticles are Carbon Nanotubes (CNT), Aluminum Oxide (Al,O3), Cupper Oxide
(CuO), Titanium dioxide (TiO2) and Quantum Dots. Their potential for causing harm depends on shape, surface
charge, mass, surface area, aspect ratio (the ratio of width to height of an object), crystal structure, stability, and
distributions in size and degree of dispersion of the particles (Christian et al, 2008). This implies that production
method of and the use a nanoparticle is put to, where it is located and what form it takes in the product will highly
influence its toxicology potentials.

CNT is one of the most commonly used in the energy sector. Some of this type of nanoparticles have been
shown to behave like asbestos fibres by causing “length dependent inflammation qualitatively and quantitatively
similar to the foreign body inflammatory response caused by long asbestos” (Poland et al, 2008), a fact that was
confirmed by preliminary research results released by NIOSH (National Institute for Occupational Health and
Safety, USA) in March 2009 (Senjen, 2009). Because exposure to nanotubes can occur at all stages of its production
(Gustavsson et al, 2011), its health implication may be quite significant. Table 2 (Senjen, 2009) shows summary of
some key health effects of CNT.

Nanoparticles of ALOj;, CuO, TiO; and Quantum dot also used in the energy sector have been variously
reported to have either medical or environment effect or both. For instance, quantum dot can break down in the
human body potentially causing cadmium poisoning while TiO> have been found to cause free radicals in skin
cells, damaging DNA (Gibbs and Tang, 2004). Also, TiO:» promote photocatalytically initiated, free-radical
degradation of prepainted steel sheets installed in roofing applications (Barker and Branch, 2008) and affect the
degradation and stabilization of polymers and coatings (Allen et al, 2004). Al,O3, according to studies by Chen et
al (2008), kills cells that line the blood vessel in human brain while Arul et al (2011) concluded that AlOs is
generally toxic to normal cell line. On plants, Yanik and Vardar (2015) found that ALOs3 lead to phytotoxicity in
wheat roots culminating in morphological, cellular and molecular alterations. Similarly, Burklew et al (2012) found
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Table 2. Summary of some key health effects of nanotubes.

Type of Catrbon .
Nanotube Cell type or Species Effects

. Dose-and time dependent inhibition of cell
SWCNT Human embryo kidney exposed to 0.78- proliferation, and a decrease in cell adhesive

200 mg/mL for up to 5 days o
s/ P ¥ ability

Oxidative stress, involved in many diseases,

such as atherosclerosis, Parkinson’s disease,

Heart Failure, Alzheimer’s disease

SWCNT (unrefined, [Human skin cells exposed to 0.6-0.24
30% iron) mg/mlL after 2 to 18 hours in

Cytotoxicity dependent on the density of

SWCNT (vatious) Human skin cells ST
surface functionalisation

Mice exposed to concentrations between [Dose-dependent granulomas and interstitial

SWENT 0 and 0.5 mg in during 7 and 90 days inflammation
Intratracheal exposure of mice to a
MWCNT single dose of 1, 2.5, or 5 mg/kg Pulmonary effects, then death
MWCNT
various diameters, Mice lungs injected with 50 mg

lengths, shape and MWCNT for 24 hours or 7 days Significant increase in inflammation

chemical composition

[Asthmatic and non-asthmatic mice wete
MWCNT exposed to a MWCNT aerosol (100
mg/m3) for 6 houts

[Asthmatic mice responded with airway
fibrosis

that AL O3 nanoparticles have a negative effect on the growth and development of tobacco seedling leading to an
overall reduction in the root length. Boyles et al (2016) found that CuO nanoparticles lead to proinflammatory
conditions, oxidative stress and programmed cell death accompanied by a significant alteration of cells metabolic
activity. Karlsson et al (2008) showed that CuO nanoparticles have very high cytotoxicity and DNA damage
potential. Interestingly, most of the studies on medical or environmental effects of these nanoparticles appear to
infer that the effects of nanoparticles of these metals were more lethal than their natural form.

A TYPICAL REFRIGERATION CYCLE

CNT, AlLO;, CuO, TiO; are the major nanoparticles that have been successfully used to achieve significant
improvement in the thermophysical properties of refrigerants and compressor lubricants. Therefore, there is a
great need for caution in the use of their nanorefrigerants and nanolubricants.

The vapour compression refrigeration system (VCS) where these nanorefrigerants have been and will continue
to be applied is a closed system. Figure 5 shows the schematic diagram of a typical VCS. The low temperature
and pressure refrigerant in the liquid phase evaporates in the evaporator. In the compressor, it is compressed and
sent to the condenser where it loses heat and returns to liquid state, though this time, at high temperature and
pressure. This high temperature and pressure liquid refrigerant is throttled to low pressure and temperature and
returned to the evaporator for the cycle to be repeated. Cooling is achieved during the evaporation process. While
during operation there is no direct contact between the refrigerant and the environment, a leak in any of the system
components lets out the refrigerant into the environment. Refrigerant leak is a common problem in refrigerating
system, and this is often not noticed until most of the refrigerant leaks out and the systems performance reduces
significantly. If the leak occurred in any of the refrigerating system component within the space being cooled, there
will be higher likelithood of the nanoparticle being inhaled, if it is for space cooling for comfort. The bigger the
refrigerating system capacity, the more the refrigerant and thus more nanoparticle will be discharged during a leak.

Apart from the exposure to nanoparticles during refrigerant leak while the cooling system is in operation,
another area with high potential of contact or discharge into the environment is during the preparation of the
nanorefrigerant/nanolubricant. This is obvious from the method of preparation detailed in Alawi et al (2014) and
Yang et al (2012), which will require getting a specified mass of nanoparticle and mixing it with a known volume
of the host fluid (refrigerant). Alawi et al (2014) observed that preparation of nanorefrigerants when the host fluid
is in liquid state at room temperature and atmospheric pressure, is easier than when they are in vapour state at
room temperature and atmospheric pressure. Such cases will most likely lead to more nanoparticle contact or
discharge to the environment during preparation. Unfortunately, most refrigerants are vapour at room temperature
and atmospheric pressure. Nanorefrigerant stability is another sensitive aspect. If its stability is not fully guaranteed
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Figure 5. Schematic diagram of a typical VCS

during operation life of the cooling system, then there will be high frequency of refrigerant replacement and
subsequent disposal which, depending on the disposal approach may result in higher rate of nanoparticles discharge
to the environment. Unfortunately, their long-term stability, negligible agglomeration without affecting their
thermophysical properties is still a challenge as noted by Sidik et al (2014).

USE OF NANOREFRIGERANTS: ANY REGULATIONS?

Maxwell (1873) was the first to attempt dispersing solid particles in a fluid as a way of enhancing its
thermophysical properties. However, it was not until 1995 that S. Choi successfully dispersed nanoparticles in fluid
and subsequently called it nanofluid (Nair et al, 2016). When the base fluid is any of the conventional refrigerants,
it is referred to as nanorefrigerant while it is nanolubricant when used to enhance the performance of any traditional
lubricant applied in the refrigeration industry. The general aim of the application of nanorefrigerant and
nanolubricant is captured by Nair et al (2016) as (i) leading to smaller and lighter refrigeration systems and (ii)
consumption of less compressor power (i.e. higher energy efficiency). Considering the level of success reported
on the application of nanorefrigerants, it will not be long before it gains wide acceptability. This will lead to the
production of new cooling systems running on the nanorefrigerants and nanolubricants while there will be
increased efforts to retrofit existing ones. This calls for proper regulations.

There is significant debate on whether nanotechnology based products require specific government regulation.
For instance, the EU organization Strategy for Nanotechnology believes it has the potential to enhance quality of
life and industrial competitiveness. Hence they are pushing for minimal legislation (Soliman, 2012). In the USA, a
2007 report of the U.S. Food and Drug Administration’s Nanotechnology Task Force 33 concluded that no further
regulation is needed for nanomaterials, a report jointly opposed by the environmental group, Friends of the Earth,
and the International Center for Technology Assessment. In 2014, FDA gave a set of guidance (which they
described as Nonbinding Recommendations) to industries on the application of nanotechnology. However,
considering the wide range of nanotechnology application, a regulatory framework is required to contend with
entirely new challenges their full deployment may introduce. That probably explains why it was recommended that
under the chemical safety regulations such as Notification of New Substances (NONS) and Registration,
Evaluation, and Authorization Chemicals (REACH), nanoparticles or nanotubes should be treated as new
substances (HSE, 2006; The Royal Society, 2004). Since the main aim of REACH is that new chemicals should
not be allowed into the market without convincing safety data, it then will also apply to nanoparticles.

Generally, regulatory system the world over assesses the health and safety of new substances and products on
a case-by-case basis. Hence nanoparticles use in the refrigeration industry should be assessed based on the
peculiarities of the refrigeration and heat pump equipment. A review of the existing guidelines in the refrigeration
industry reveals that there is no regulation currently applying to nanorefrigerant or nanolubricants use. Countries
at present appear to rely on existing regulations which has no explicit reference to nanotechnology. Some of these
regulations are those dealing with the harmful chemicals, fire risk, and explosion risk of materials as contained in
the Control of Substances Hazardous to Health Regulations (COSHH), guidance on COSHH risk assessments,
ACOP from the Dangerous Substances and Explosive Atmosphere Regulations (DSEAR), and guidance of
precautions against the explosion risk of combustible dusts, (HSE, 2004; HSE, 2006; IFST, 2006; Chau, 2007).
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Figure 6. Major actions involving refrigerants in the developed and developing countries

Because of the non-explicit mention of nanoparticles, there is a possibility of untested nanotechnology based
substances slipping through cracks of those regulations. However, chemicals, cosmetics and food industry have
identified the need for adequate regulation of nanotechnology in the ateas through Regulation (EC) No 1223/2009
which specifically refers to nanomaterials and offers the first legal definition. It specifies among others that specific
information like physicochemical specifications, toxicological profile, safety assessment and exposure conditions
must be reported on these nano based products six months before as well as including the nano-ingredients in the
list of ingredients (Cushen et al, 2012). Even though the definition did not consider soluble or physiologically
unstable nanoscale systems from the nanomaterial specific notification requirements, it is a positive step towards
proper regulation of nanomaterials which should be adopted by the other sector, especially the refrigeration
industry.

REVIEW OF EXISTING REGRIGERANTS REGULATIONS

Regulation of refrigerants in the refrigeration industry could be traced back to the 1930s when the ecarlier
refrigerants, like sulfur dioxide, methyl chloride and ammonia were replaced by the chlorofluorocarbon (CFC)
refrigerants because of concerns about hazards posed by their toxicity and high flammability potential. By the
1970s, environmental concerns resulting from the depletion of ozone layer gave rise to the Montreal Protocol,
which established phase-out dates for the use and production of ozone-depleting substances. This led to the CFCs
being replaced by the Hydrochlorofluorocarbons (HCFCs) and Hydrofluorocarbons (HFCs) with low and zero
ozone depletion potential (ODP), respectively. Beginning from 1987 when the protocol took effect, a final
phaseout date was put at 1996, for CFCs, and 2030 (2040 in developing countries) for HCFCs (Moe et al, 2011).
Montreal Protocol concentrated more on combating ozone depletion substances hence, in 1997 the Kyoto
Protocol was created to address another environmental concern, Global Warming. The Kyoto Protocol set target
for greenhouse gas, including HFCs, reduction in developed countries. Figure 6 (Moe et al, 2011) shows a
summary of the major actions involving refrigerants in the developed and developing countries. The F-Gas
regulation of 2015 (EIA, 2015) aims at the containment and recovery of certain F-gases in the EU. Under the
regulation, it is illegal to use disposable refrigerant cylinders and requires the labeling of all HFC refrigerant
cylinders and systems. There are also very strict and rigid rules for monitoring of all equipment with potential
leakage of fluorinated refrigerants to atmosphere. For instance, any refrigerating/air conditioning equipment
containing 3kg or above of refrigerant should be checked for leakage every 12 months while those containing 30kg
must be checked every six months (except if an automatic leak detector is installed) and those with 300kg or more
must have an automatic leak detector as well as physically checking them every six months. Furthermore, the
maintenance record must be well kept and the servicing technician properly identified in the building operatot's
records. In the United States of America, the US Clean Air Act, section 608, makes it illegal to knowingly discharge
refrigerants into the atmosphere as shown in Figure 7 (EPA, 430-F-10-040). To ensure compliance, defaulter
could be fined as much as $37,500.00 per day by EPA for any violation of the regulations.
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THE NEED FOR NANOREGRIGERANT USE REGULATIONS

The environmental and medical consequences of any technology depend greatly on its use. Refrigeration and
heat pump accounts for a large percent of the energy used in residential and industrial buildings and this may likely
increase as condition of living continues to improve. This implies that the use of nanorefrigerants will also continue
to increase. Since these are fluids formed by the addition of nanoparticles to known refrigerants, it implies that
production and usage of nanoparticles will increase. Already, refrigerants in their present form have their
undesirable environmental consequences, thus increasing the use of nanorefrigerants may further increase the
undesirable environmental and health consequences of refrigeration and heat pumps, more especially considering
that different nanoparticles exist and each may interact or react distinctly with the host fluid (refrigerant or
lubricant) and may have its own distinct environmental or medical consequences. The wortld is still battling to
mitigate effects of earlier unregulated use of the CFCs in refrigeration industry. While these effects affected the
environment directly and subsequently health, the nanorefrigerants unregulated use have the tendency of directly
impacting health and the environment; a fact that can be inferred from the works of Poland et al (2008), Senjen
(2009), Gibbs and Tang (2004), Chen et al (2008), Arul et al (2011), Yanik and Vardar (2015), Burklew et al (2012),
Boyles et al (2016), Karlsson et al (2008), Barker and Branch (2008), Allen et al (2004), Kim et al (2003), Nel et al
(2006), Oberdoérster et al. (2005), Kreilgaard (2002), Wakefield et al (2004), Gibbs et al (2004) and Sweet and
Strohm (2006). With nanoparticles finding their way into human, animal cells and plants cells, there may be
increased risk of illnesses like cancer and some other undesirable respiratory conditions. A standard regulation will
therefore make for proper handling of nanorefrigerants and nanolubricants to guard against any potential risk (i.e.
health, environmental, social and speculative) associated with its use. In fact, the UK Royal Society and Royal
Academy of Engineers (RS and REA) in their 2004 report called for the improvement of existing regulation
because toxicity of chemicals in form of free nanoparticles and nanotube may be unable to be predicted from their
toxicity in a larger form and in some cases, could be more toxic than the same mass of the same chemical in larger
form.

Possible areas of nanorefrigerant and nanolubricant regulation is in their preparation and packaging. These
areas are not quite accommodated in the existing refrigerants regulation. Nano particles sizes are generally smaller
than cement dust and possibly atmospheric dust particles. Safety of the person preparing it and that of persons
around there must be considered. A regulation enforcing safe preparation methods is therefore required. This
regulation should be able to address, for instance, preparation space facilities and ventilation requirements, dress
code into such space and its location. This is essential considering nanoparticles sizes and their possible long
suspension in the atmosphere if they escape. It is also important to specify the maximum allowable concentration
of nanoparticle per unit volume or mass of base refrigerant. At present, harmful substances that could be inhaled
are handled in fume chambers. However, with nanoparticles, the extractors may require fitting with very fine

10 © 2017 by Authot/s



European Journal of Sustainable Development Research, 1:2 (2017), 09

particulate filters to ensure that nanoparticles do not escape and find their way into the surrounding environment,
since some of them may have adverse environmental effect as shown by Barker and Branch (2008) who observed
that nanoparticles of titanium dioxide, TiO», and zinc oxide, ZnO, used in some sunscreen formulations promote
photocatalytically initiated, free-radical degradation of prepainted steel sheets installed in roofing applications, thus
leading to their unsightly appearance, and Allen et al (2004) who outlined how particle size, different surface
treatments and dispersion of several nano and pigmentary grades of titania particles affect the degradation and
stabilization of polymers and coatings. Just like in the cosmetics industry, a regulation is required to compel
manufacturers of nanorefrigerants or nanolubricants to cleatly specify on the refrigerant or lubricant container
information like physicochemical specifications, toxicological profile, safety assessment and exposure conditions
as well as the nanoparticle and quantity used. Systems running on nanorefrigerant/nanolubricant should also have
the nanoparticles type, its concentration and the service/repair guidelines cleatly spelt out. Disposal of
nanoparticles is another area that needs regulation to ensure proper containment of the nanomaterials. While these
may be in the short term, regulation that will make for much safer use of nanorefrigerants and lubricants should
target improved refrigerating/heat pumping equipment with, for instance, minimal leak potentials.

CONCLUSION

Application of nanotechnology in the refrigeration industry is a new and developing area and has the potentials
of substantially increasing the COP of the refrigerating and air conditioning machines as well as reduce their bulk.
However, some studies conducted point to the fact that nanoparticles may have some undesirable health
consequences. Based on those, some level of caution should be applied when adopting nanotechnology. While
argument in some quarters continue whether nanotechnology requires regulation or not, it is important to bear in
mind that prevention is better than cure. Regulation cannot reduce the benefits or progression of nanotechnology,
rather it will make for its more responsible application. While waiting for further studies to fully ascertain the
possible medical and environmental consequences of nanorefrigerants and nanolubricants, drawing from existing
information on nanoparticles and the regular refrigerants to create policies or amend existing ones could be a
proactive measure against any undesirable health and environmental implications of nanotechnology application
in the refrigeration/air conditioning industry.

Nanorefrigerants are currently at the developmental state, as such further studies are therefore needed before
they can become fully acceptable. Such studies should not just concentrate on the technological potentials but also
on health and environmental consequences. At present, available information on health and environmental effects
is on the respective nanoparticles. When they are used to produce nanorefrigerants, it is also important to check if
there are changes to the chemical and possibly reactive properties of the new fluid. During operation of a typical
cooling system, the refrigerant undergoes successive evaporation and condensation. Does the fluid remain
homogeneous during this process? Answer to this question will make it easier to work out the safest method of
decommissioning a cooling plant and the subsequent disposal of the component parts. Since it has been established
that these nanoparticles have undesirable health and environmental effects, further studies should aim at
establishing the safe exposure limit of these nanoparticles. These will help to come up with adequate regulatory
framework for the safe and responsible application of nanotechnology in the refrigeration industry.
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